A combination of low-resolution and high-resolution techniques was applied to establish the composition, crystallography and distribution of small inclusions, average diameters ,~ 1 l.tm, dispersed within large synthetic diamonds. Both metallic and silicate phases were present among included bodies, often lying adjacent in the same cavity within the diamond matrix. Monochromatic X-ray microradiography, achieving l l am resolution with Cu Ko~ radiation, demonstrated that transition-metal phases constituted a minor fraction of the total volume of inclusions present. In a specimen rich in dispersed inclusions, the sizes of 1483 inclusions were individually measured. In aggregate they occupied ,~4 x 10 -4 of the diamond volume. High local inclusion concentrations were associated with high local concentrations of substitutional nitrogen impurity in the diamond matrix. The electron-microscopic techniques included convergentbeam electron diffraction, energy-dispersive X-ray spectroscopy and electron-energy-loss spectroscopy. Detailed crystallographic identifications of individual particles included a b.c.c. Fe-Co alloy (a0 -~ 2.86 A,), a garnet of andradite variety [at) = 11.95 (5) A,] and a clinopyroxene with composition corresponding to that in the augiteferroaugite division of pyroxenes.
Introduction
This report is concerned with synthetic diamonds several mm in diameter that have grown within the field of diamond stability in the carbon phase diagram, just as is the case with natural diamonds. One outcome of the study has been the finding of features in common between small inclusions in synthetic diamonds and the small bodies contained within the inclusion-rich outermost growth zones of natural 'coated diamonds'. Investigation of syngenetic inclusions in natural diamonds has long been the principal tool in studies of diamond genesis (Meyer, 1987; Kesson & Ringwood, 1989; Harris, 1992) . The classical mineralogical and X-ray crystallographic techniques applied to larger-sized inclusions (diameters greater than a few hundred l.tm) extracted from crushed © 1995 International Union of Crystallography Printed in Great Britain -all rights reserved diamonds are nowadays supplemented by isotopic analyses. Regarding X-ray techniques applicable, it is relevant to note the remarkable reduction in minimum crystal size to which single-crystal techniques are applicable that has been brought about by synchrotron-radiation crystallography, a point highlighted in texts on this subject (Coppens, 1992; Helliwell, 1992) . For example, singlecrystal diffraction data collection using synchrotron radiation has been demonstrated on a crystal of simple structure, CaF2, with a crystallite volume of only 2.2 l.tm 3 (Rieck, Euler & Schulz, 1988) . Thus, the gap between X-ray crystallography and electron crystallography (as used in the present work) with respect to usable specimen size is nearly closed. Transmission-electron-microscopic techniques that require cutting, mechanical polishing and subsequent ion-beam thinning of specimens are both tedious and specimen destructive, but if specimen material is expendable and inclusions are abundant these techniques are scientifically the methods of first choice for micrometre-and sub-micrometre-size inclusions. They have proved valuable in studies of diamond-coat particles, leading to the identification among such of apatite (Lang & Walmsley, 1983) , biotite (Walmsley & Lang, 1992a) and various carbonates having rhombohedral symmetry (Walmsley & Lang, 1992b) . One approach now feasible that does not require ion-beam thinning, and that is applicable to inclusion-rich volumes, is to locate and subsequently probe individual inclusions that lie just below a polished surface of the inclusion-bearing diamond. As examples, Schrauder & Navon (1994) used scanning electron microscopy (SEM) in back-scattering mode to locate shallow subsurface inclusions in the diamond coat, which were then subjected to X-ray spectroscopic analysis, and Walmsley, Day & Lang (unpublished) have used micro-Raman spectroscopy on groups of shallow subsurface coat particles to look for matching of their Raman spectra with that of the carbonate (ankerite) previously identified in transmission electron microscopy (TEM) of individual particles.
The average properties of small inclusions populating both natural and synthetic diamonds can be studied by their aggregate effects on the bulk specimen. Techniques applied have been monochromatic X-ray microradiogra-phy of coated diamonds (Kamiya & Lang, 1965a) and of small synthetic diamonds (Kamiya & Lang, 1965b) , infrared absorption spectroscopy of natural diamond coat and of natural diamonds containing 'clouds' (Chrenko, McDonald & Darrow, 1967; Navon, Hutcheon, Rossman & Wasserburg, 1988; Welboum, Rooney & Evans, 1989) and extended X-ray absorption fine-structure spectroscopy (EXAFS) of synthetic diamonds (Wong & Lytle, 1980) . More recently, the influence of inclusion populations on the lattice perfection of the host diamonds has been studied by X-ray topographic techniques, in particular by synchrotron-radiation double-crystal topography (Kowalski, Moore, Gledhill & Mari6i6, 1995) .
The following sections deal first with several properties of inclusion populations that can be studied within the resolution capability of conventional optical microscopy. The results of size measurements on a large population sample are then presented. Next described are refined microradiographic observations that throw light on average inclusion compositions. Finally, the TEM analyses are described, which included both composition and structure determinations.
inclusion-rich regions in this specimen were tolerably free from the scoring and 'plucking' that can occur on (lll)-polished surfaces. In Fig. l(b) , the focus level was set mechanically 37 ~tm below the upper polished surface, corresponding within the diamond (refractive index 2.42) to 90l.tm below the surface. Blotchiness on the micrograph arises unavoidably from particles far out of focus above and below the focus level (and not from surface damage). For the particles in focus, there appears to be a dearth of particles having diameters less than about 0.3 ~tm (as estimated with the microscope objective used, NA --0.5), and an upper diameter cut-
Optical studies

General features
A comparison of the inclusion populations in natural diamond coat with those in the synthetic specimens dealt with here is instructive, and illustrates difficulties accompanying the present study. The typical natural coated diamond consists of a clear core surrounded by a shell densely populated by inclusions. The coat has varying degrees of translucency but lacks transparency. Analyses show that the coat generally contains less than 1% of non-diamond material, but fine dispersion of the latter destroys transparency. Transition from clear core to inclusion-rich coat usually occurs abruptly, within a distance of 0.5 ~tm, say, which is comparable with an average inclusion particle diameter. Fig. l(a) is a transmission optical micrograph of a core-coat boundary parallel to an octahedral growth facet intersecting the near surface of a (001)-orientation 1 mm-thick polished slice. Along this segment of the core-coat boundary, the local growth direction is downwards and outwards towards the observer. Consequently, the coat thickness penetrated by the illuminating beam increases wedgewise towards the bottom edge of the micrograph. This coated diamond has unusually large particles in its coat, but the particle density is typical.
The field in Fig. l (b) typifies a region regarded as markedly inclusion-rich in synthetic diamond. The specimen is a parallel-sided plate 0.93 mm thick polished nearly parallel to (111). It is difficult to produce surfaces of good optical quality when polishing diamonds parallel to (111), but the polished surfaces above and below off at about 4 lam. The majority of particles of diameter >1 ~tm are irregular in outline. Here (and more visibly in some other fields), a significant fraction of the larger objects look like aggregates of two or more individual bodies. In this field, which is within a cube growth sector and does not include any growth-sector boundaries, the inclusion distribution appears random, and no growthdirection influence on inclusion shape is evident. The much lower spatial density of inclusions in Fig. l(b) compared with the lower part of Fig. l(a) shows that it is a much harder task to capture inclusions inside specimens thinned for TEM studies in the case of these synthetic diamonds than in diamond coat.
sectors that dominantly fill the volumes of the specimens under study, and both contribute to a zonal variation in light transmission. With white-light illumination, it is very difficult to judge their relative contributions to the transmission loss observed. This problem is efficiently overcome by micrography through appropriate colour filters, as illustrated by Figs. 2(a) and (b). In Fig. 2(a) , light transmission loss arises solely from inclusions, whereas, in Fig. 2(b) , absorption due to substitutional nitrogen dominates. [Since the average diameter of inclu-
Association of inclusions with nitrogen impurity
The large diamonds of present interest were grown by the reconstitution method (Bums & Davies, 1992) . Under usual synthesis conditions, nitrogen is the major impurity element and is present atomically dispersed, substituting singly for C atoms in the diamond structure. Such diamonds belong to optical classification type Ib. There is a remarkably strong dependence of take up of nitrogen impurity upon local growth facet orientation: nitrogen concentrations can vary by a factor of 100 between those in the major growth sectors { 100} and { 111 }, which are relatively nitrogen rich, and those in { 110} sectors (usually minimally developed) typically containing ~1 N atom in 10 6 . Quantitative measurement of nitrogen impurity is based on the strength of infrared absorption at 1130 cm -1, the conversion factor recently determined by Kiflawi, Mayer, Spear, Van Wyk & Woods (1994) states that an absorption coefficient of 1 cm -l at 1130cm -l is produced by 25 (2) atoms of substitutional N in 10 6. The spatial resolution afforded by infrared microscopes attached to Fourier-transform infrared (FTIR) spectrometers enables nitrogen-impurity concentrations in different growth sectors to be compared (Bums, Cvetkovic, Dodge, Evans, Rooney, Spear & Frank, Lang, Evans, Rooney, Spear & Welbourn, 1990) . In the visible wavelength range, type Ib diamonds absorb increasingly strongly as A decreases below 500 nm (Dyer, Raal, du Preez & Loubser, 1965) , and the typical yellow colour of synthetic diamonds is the result. Photography of variations in colouration strength provides a simple qualitative nitrogenconcentration mapping method (Bums et al., 1990 : Frank etal., 1990 Lang, 1993 Lang, , 1994 . In particular, colouration micrographs strikingly reveal essentially nitrogen-free and hence water-white { 110} growth sectors too narrow to be properly resolved in FTIR microscopy of specimens ,~ 1 mm thick when employing the customary relatively high angular aperture (0.5 NA, say) of the illuminating beam.
Both nitrogen impurity and the population density of small inclusions show a zonal variation within the { 100} Fig. 2(a) ], slope outwards and downwards from the upper (and nearer) polished surface, indexed (111); because of their slope, they refract transmitted light completely out of view. The area through which light can directly pass is limited by the periphery of the smaller polished surface, which is the nearer one, (I 11). The silhouetted edges of the natural (100), (010) and (001) facets are junctions with strips of downward-lacing natural facets of (111), (111) and (111), respectively, which accounts lbr the hexagonal shape of the (111), ( 1 i 1 ) and ( I 1 i) facets seen. The growth-sector configuration is similar to, but somewhat simpler than, that of the synthetic diamond illustrated in Figs. 10-13 ot" Lang (1994) . In the present case, 90% of the volume seen through the ( 1 I 1 ) polished surface is cube sector growth. The dominant (100), (010) and (001) growth pyramids are disposed with threefold symmetry around a central small (111) growth sector only about 40 ~m in average diameter, which shows slightly better transparency than its immediately surrounding cube-growth material in both Figs. 2(a) and (b). Noteworthy are the thin sheets of { l l0}-sector growth lying between the cube growth sectors. Where these sheets fill the whole line of sight through the specimen, perfect transparency appears in Fig. 2(b) . Between the three peripheral {111} growth sectors and the dominant cube sectors, some bands of relatively high transparency are seen. These identify lownitrogen-containing { 113} growth sectors, a common minor growth form in synthetic diamonds (Bums et al., 1990; Lang, 1994) ; but in this specimen they do not outcrop on the limited area of natural external surface lying between the upper and lower polished surfaces. Regarding inclusions, the higher population density in the inner zones of cube sector growth goes hand-in-hand with higher nitrogen concentration there. A comparable association has been observed in about 30 specimens possessing similar growth morphology that have been examined in greater or lesser detail.
Substitutional nitrogen concentration was measured in the inner part of the (100) growth sector of the specimen in Fig. 2 . A thin lead foil pierced with an ~0.3 mm diameter hole was attached to the (111) surface and placed as close as possible to the centre without overlapping the small central ( 111 ) growth sector or the narrow (110) and (101) growth sectors on either side of the (100) sector.
Applying the conversion factor of Kiflawi et al. (1994) quoted above gave 370 atoms in I() ~ as the concentration of substitutional nitrogen. A correspondingly sited measurement (but with a somewhat larger pinhole) on another specimen that presented a similarly appearing pair of Iower-A and higher-A micrographs gave 350 N atoms in I() ~'. In both cases, an infrared beam condenser of relatively small angular aperture was used: the semiangle was ~ 12 °, corresponding to ,-~5 ° in the diamond (infrared refractive index 2.38) so that in the diamond there was little beam spreading outside the pinhole disc.
Association ~?f" inclusions with growth-sector boundaries
Strong refractive-index contrast appears between nitrogen-rich {100} growth sectors and the almost nitrogen-tree {110} sectors, the latter having the lower refractive index (Frank et al., 1990 : Lang, Moore, Makepeace, Wierzchowski & Welbourn, 1991 . The { I 10 } sectors separating adjacent { 100 } growth sectors in synthetic diamonds are often vestigial in development, being reduced to thin sheets of order 1 Jam in thickness. Such thin sheets, when viewed nearly edge-on, produce strong Schlieren effects, causing them to show up with both light and dark contrast. These effects complicate microscopic imaging in their vicinity, and in lowmagnification images such as Fig. 2(a) render it extremely difficult to decide whether an apparent 'dark' sheet coinciding with the boundary between adjacent cube growth sectors represents a local increase in panicle density or is just a Schlieren contrast phenomenon associated with a thin sheet of {I 10}-sector growth. The question is illuminated a little by Figs. 3(a) and (b), which illustrate a situation that is not uncommon. These high-magnification transmission micrographs are focused at the same level just below the (111) polished surface of a specimen very similar in morphology and inclusion population characteristics to that shown in Fig. 2 . Specimen orientation is the same in Figs. 2 and 3. The field in Fig. 3 embraces a small central (111) growth sector outcropping in an equiangular triangular area, triangle edge lengths 90-100 ~tm. In this specimen, adjacent cube growth sectors meet in sheets showing a high degree of planarity, lying perpendicular to (111), and on refractive-index evidence they are sheets of minimal-thickness {1 I0} growth. They radiate from the corners of the central (111) growth sector with threefold symmetry, just as in Fig. 2(a) . Fig. 3(a) is taken with normal illuminating aperture to match the NA 0.5 microscope objective. Two out of the three boundary sheets lying between cube growth sectors contain concentrations of panicles. In the absence of particles, growth-sector boundaries appear as faint light lines, vic the boundaries of the central (111) growth sector, and, more visibly, the particle-free boundary between the (010) and (001) growth sectors. In Fig.  3(b) , the condenser aperture is stopped down to give pencil illumination, greatly enhancing Schlieren effects. Visibility of the boundary sheet between (010) and (001) sectors is now strong and its freedom from excess particles is seen not to be a shallow phenomenon, whereas enhanced opacity in the vicinity of inclusion concentrations between (100) and (010) sectors, and between (100) and (001) sectors, shows that these inclusion-rich sheets extend to a depth well below focus level. These micrographs confirm the existence of inclusion sheets in association with boundaries between cube growth sectors; but perhaps more noteworthy is the occurrence of inclusion-rich and inclusion-free segments of symmetrically equivalent boundaries in close proximity.
Population statistics
A diamond similar in growth-sector configuration to those illustrated in Figs. 2 and 3, and possessing an inclusion population qualitatively similar in appearance, was selected for quantitative measurements of size and concentration of small inclusions. Its only distinguishing feature was to be up in the top quartile as regards inclusion concentration among those inspected. A region of high concentration below one of its (111)-orientation polished surfaces was chosen for micrography, which was performed at eight levels separated by 30 ~tm depth intervals in the diamond. The micrographs were recorded at a magnification of 250 on fine-grain sheet film, Ilford Ortho, in 4 x 5 in format. Two adjacent fields at each depth were printed with normal contrast to fill an A4 area at a final magnification of 103. Fig. l(b) is part of one of these fields. Measurements were made with the prints attached to a digitizing tablet, using a cross-hair cursor recording x and y coordinates with a resolution of 0.12 mm, which was the interval of binning of particle diameters and the resulting spacing of lozenges on the distribution curve in Fig. 4 .
To restrict measurements to those objects in perfect focus would have needlessly diminished the sample size. Best efforts were made to maintain consistency in the degree of defocus allowed in images included for measurement and to assess reliably the corresponding depth range in the diamond. This range was taken as 10 ~tm, with an uncertainty of about 10%, which is thus the minimum uncertainty attaching to particle-concentration measurements. In the case of irregular objects, their mean silhouetted diameter was recorded. Measurement uncertainty rises rapidly as diameter decreases below 1 ~tm, but particles at the low-diameter end of the size distribution do not make a major contribution to the total volume of particles present.
In discussion of Fig. l(b) , it was pointed out that some of the objects micrographed looked like aggregates of two or more smaller bodies. TEM studies, described in §5, confirm the existence of such aggregates. ta) (b) Fig. 3 . Transmission micrographs of central zones of a synthetic diamond morphologically similar to that shown in Fig. 2, and Furthermore, some optical microscopic observations on spherical 'inclusions' suggest that they might be fluidfilled vesicles. The size statistics presented here relate to measurements of diameters of the microscopically observed objects, which strictly are those of the cavities in the diamond matrix. These may contain more than one solid inclusion, or possibly fluid plus solid(s), or only fluid. On this account, the term 'inclusion' is not used in Table 1 ; but the term 'particle' is retained as better descriptive of the sharply bounded entities observed rather than the vaguer term 'object'. Thus, it should be borne in mind that 'volume fraction of diamond occupied' means the total volume fraction of the diamond matrix taken up by cavities in the matrix, whatever their filling.
Monochromatic radiography
The experimental technique employed was essentially similar to that previously applied to diamonds (Kamiya & Lang, 1965a,b) . A perfect single crystal (Ge in earlier experiments, Si in the present work) possessing a smooth damage-free surface parallel to (111) was oriented for first-order reflection of Cu Kr, radiation incident in a well collimated beam coming from a Cu-target micro- Diameter in micrometres focus X-ray generator operated at voltages no higher than 24 kV to avoid exciting the third-harmonic reflection. During exposure, the monochromator was linearly moved back and forth so as to produce a highly uniform parallel beam of sufficient spatial width to cover the specimen to be radiographed. In the earlier experiments, the specimen was mounted on a goniometer head to allow radiographic views from various angles (essential for stereoradiography and for aligning certain lattice planes parallel to the X-ray beam). In the present work, a single viewing direction sufficed, that perpendicular to the polished surfaces. Hence, goniometer mounting was not needed and the specimen could be placed with one polished surface in actual contact with the Ilford L4 nuclear plate, emulsion thickness 251am, used for radiographic recording. In these circumstances, with a total distance of 750 mm from X-ray source to specimen, image resolution in any part of the specimen was limited solely by developed grain size in the emulsion and by statistical noise in the number density of developed grains. Fig. 5(a) shows optical transmission of green light through the inclusion-rich specimen used for the particle census described above in §3, oriented similarly to the specimens in Figs. 2 and 3 . Its polished surfaces were relatively free from striae, but suffered from some pitting, especially towards their edges. Out-of-focus images of this damage cause the diffuse blobs seen in these areas. This high-contrast micrograph was taken with the illumination masked so as to stop all light other than that passing through the crystal from entering the objective and degrading contrast by scattering within the photomicrographic system. As is usual in synthetic diamonds, some multi-lam-size inclusions of metal solvent/catalyst used in the synthesis process are present. They are sparse in this crystal. The largest in view (but not in focus) in Fig. 5(a) is the vertically elongated body seen at the upper termination of the (100)/(010) growth-sector boundary. Fig. 5(b) is a positive reproduction of a radiograph (meaning that lightness corresponds to extra absorption). It detects with high sharpness and contrast the elongated body referred to above, together with some other small metallic bodies within the specimen or embedded in its natural facets. Fig. 6 is an enlargement of the radiographic image of the elongated body. Its maximum width, allowing for some penetration round the edges, is between 13 and 14 !am. For X-ray-dense objects, a micrographic resolution of 1 lain is attained. Small bodies whose visual appearance suggested a metallic nature had that diagnosis confirmed by radiography. Among these were some rod-like particles only 2.5 ~m in diameter whose good radiographic contrast implied composition by metals such as Fe or Co. [A risk involved in placing the specimen directly on the emulsion is that of making scratches on the latter, which are subsequently photographically developed. A few such black lines may be discerned on Fig. 5(b) , especially in the lower-right area].
The important outcome of the radiographic experiments is the little contrast from the large population of small inclusions. In the regions of highest population density, a decrease in X-ray transmission is just perceptible and is estimated to be 1-2%. With the assumptions that the mean panicle volume fraction throughout the whole specimen thickness of 0.93 mm is not substantially less than in the 0.25 mm-thick slice sampled in the measurements described in §3 and that the metallic (a) constituent is an Fe-Co alloy, then quantitative consideration of the radiographic contrast leads to the conclusion that solvent metal is a minority constituent in the small inclusions. An upper limit of 10-20vo1.% metal is indicated.
Electron microscopy
Two inclusion-rich specimens were mechanically polished down to a thickness of <1001.tm and then ion-beam thinned for microanalysis in the transmission electron microscope. Non-diamond bodies between 1 and 2 ~tm in size that remained supported by the diamond matrix could be studied. Energy-dispersive X-ray analysis (EDX) and electron-energy-loss spectroscopy (EELS) were applied to determine compositions (the latter method being used to detect light elements, e.g. oxygen).
To determine crystal structures, convergent-beam electron diffraction (CBED) was applied. Inclusions that it proved possible to investigate in some detail were all found to comprise an FeCo particle lying adjacent to one or more silicon-rich phases containing varying amounts of Ca, Ti, Na, Fe and Cr. Well developed faceting was observed on inclusions and the cavities in the diamond matrix were also faceted. This observation closely parallels those made on diamond-coat particles and their surrounding diamond matrices (Walmsley & Lang, 1992a,b) . Fig. 7 shows an example of multiparticle occupancy of a single cavity in the diamond. Faceting on inclusions and on cavity walls is evident. To obtain this image, which shows cavity faceting best, the specimen foil had to be tilted 60 ° off perpendicularity to the electron beam in order to bring the principal cavity facets parallel to the beam. Ion-beam milling unavoidably causes some (b) Fig. 5 . Comparison of (a) optical transmission micrograph (A _~ 500 nm) and (b) monochromatic Cu Kn radiograph of a specimen containing a large population of small inclusions. Orientation similar to Figs. 2 and 3. Mean distance between shorter and longer sides of polished surface = 1.7 mm; specimen thickness between polished surfaces = 0.93 mm. Fig. 6 . High-magnification enlargement of part of radiograph in Fig. 5(b) containing the vertically elongated small metallic inclusion seen at the upper end of the (100)/(010) boundary in Fig. 5(a) . The white disc imposed on the radiograph gives the scale: its diameter is equivalent to 15 ~tm on the original radiograph. of Bragg reflections relative to the diffuse background. Diffraction patterns were recorded at 250kV with a probe size of 20 nm. The specimen was cooled to 100 K to reduce the diffuse background and limit radiation damage. Findings concerning particles A, B and C seen in Fig. 7 will now be detailed. Particle A contained more Co than Fe (Table 2) . Diffraction patterns from it were almost impossible to obtain due to the diffuse background. Its images revealed an array of planar boundaries. Similar Fe-Co particles in other inclusions showed patterns consistent with a b.c.c, structure (a0 -~ 2.86A). There was no evidence of rounding of both inclusions and cavities. The rounding of the left-hand and top walls of the cavity can be attributed to this process. Three phases have been satisfactorily identified in this cavity. In the Fig. 7 view, they give distinguishable spatially separated images, labelled A, B and C. The electron-opaque phase A is metallic, B and C are silicates. Table 2 lists the compositions found in A, B and C by EDX (excluding elements with Z < 11, which were not detected). The presence of oxygen was confirmed by EELS in both silicate phases. The figures in Table 2 are adjusted for detector sensitivity in the thin-film limit but should be regarded as only semiquantitative.
The phases within cavities were difficult to analyse crystallographically by CBED for several practical reasons. Firstly, the solid angle available for tilting experiments was limited because the beam was shadowed by the adjacent diamond, which thinned more slowly than the inclusion. Further, each cavity usually contained several silicate phases that partially overlapped spatially and were usually strained. Planar and point disorder contributed to the diffuse background. In practice, a microdiffraction technique was used, where a small convergence angle or disc diameter enhanced the contrast Fig. 7 . TEM image of a cavity in diamond containing three identified phases: Fe-Co alloy (A), garnet (B) and a pyroxene (C). Scale mark is 1 ~tm. Fig. 8. (a) The (I]0) diffraction pattern from the garnet, particle B.
(b) Schematic diagram of diffraction geometry. Open circles represent reflections in the zero layer and smaller filled circles show the projected positions of first-order Laue-zone reflections. Crosses represent reflections in the zero layer forbidden by diamond glide planes.
Fe and Co ordering into a superlattice of the CsC1 type (a' phase) that is predicted in the binary phase diagram below 1000K in this composition range (Massalski, Murray, Bennett & Baker, 1986) . Particle B is seen from Fig. 7 to be comparatively electron opaque, consistent with a high metal-to-silicon ratio. The EDX spectra included peaks from Si, Ca, Ti and Fe, with smaller amounts of Na and Cr. The diffraction pattern from a major axis that was used to identify the structure is shown in Fig. 8(a) , where the axis was tilted away from the beam direction in order to excite the higher-order Laue-zone (HOLZ) reflections (Eades, 1992) . The relevant geometry is sketched in Fig.  ~ 8(b) , where the repeat unit in the zero layer is a centred rectangle with sides in the ratio 1:21/2, as expected for a cubic cell. Silicates with cubic symmetry are uncommon, and the phase was identified as a garnet [space group la3d (No. 230), a0 = 11.95 (5)/~]. Fig. 8(a) represents a (110) pattern where reflections visible in the upper layers of the reciprocal lattice are forbidden in the zero layer by the diamond glides on { 110} planes (see Fig. 8b ). The structure was confirmed by tilting 35 ° to a (111) axis, when a triangular net of reflections with threefold symmetry was observed. Recall that the garnet structure is of orthosilicate type, with independent SiO4 tetrahedra and nominal composition A3B2(SiO4)3. In the present instance, the divalent A atoms are represented by Ca and the trivalent B atoms principally by Fe and Ti. The composition listed in Table 2 is reasonably consistent with this formula, especially if some Ti substitutes into the Si positions. The mineral that is closest to this composition is the andradite variety of garnet (Deer, Howie & Zussmann, 1966) . Particle C was faceted, occupied the largest projected area within the cavity and contained a higher proportion of Si than particle B. A perfect mirror plane was discovered by tilting experiments, which was followed to an axis with a centred rectangular net of reflections ( Fig. 9) . No other symmetry elements were observed and the pattern was tentatively indexed as corresponding to the [001] axis of a C-centred monoclinic phase, with a0 and b0 parameters that matched the clinopyroxene structure (space group C2/c). The Co and fl parameters of the unit cell were measured by tilting to other axes along the (010) mirror plane and also by tilting 90 ° to the [010] diad axis. The space group was confirmed as C2/¢ with lattice parameters a0 = 9.65 (5), b0 = 8.71 (5), co = 5.3 (1)A and fl = 107 °. These figures are entirely consistent with the clinopyroxene structure, which is a metasilicate type with chains of vertex-linked SiO4 tetrahedra and nominal composition AB(SiO3)2. The EDX spectrum contained a large Si peak combined with metals (Ca, A1, Fe etc.) that are all known to occur in the pyroxenes. The composition listed in Table 2 is reasonably close to that of a mineral in the augiteferroaugite division of the pyroxenes.
Concluding remarks
The preceding sections have illustrated how lowresolution and high-resolution techniques mutually reinforce each other in investigations of the nature of small inclusions within crystals. To conclude, a couple of features of the microscopic inclusion population observed in the present studies will be picked out for comment. First, it appears on the whole that the probability of incorporation of a metal plus silicate particle combination is greater than that of incorporation of a metal particle alone or a silicate particle alone. Detailed explanation of this observation is as yet wanting. The second observation is the occurrence in these synthetic diamonds of silicate inclusions similar in nature to some found in natural diamonds. This is attributable to the presence in the synthetic material of elements derived from the components used in the synthesis capsules.
One of the authors (NCB) thanks De Beers Industrial Diamond Division (Pty) Limited for financial support. Fig. 9. [001] spot diffraction pattern from the clinopyroxene phase (particle C). The trace of the (010) mirror plane is horizontal. The direct beam at the centre of the pattern is comparatively weak.
